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T ~ BREAKDOWN IN NARROW SILICON p-n JUNCTIONS [1o2%
ABSTRACT

27777

Breakdown is investigated in step-type silicon p-n Junctions

{9 RN N R NS

having a width from lO-6 to l()—h em. It is demonstrated experi-

mentally that in such junctioﬁs there exist simultaneously two

SRS IR S TS &5 SRR ARG ¢ ]

i breskdown mechanisms:(%unnel and impact ionizatiogj the inter- 1
—— ’ D

action of which leads to sign reversal on the part of the

%%‘ temperature coefficient of the breakdown voltage and causes ‘33
the differential impedance of the p-n junctions to vary ; =
sharply with tempersture. It is established that the curve

for the dependence of the differential resistance and tempera-

ture coefficient of the breakdown voltage on the breakdown

;;E - voltage_hasua»critical,point,fch@x&cteriziggMthe onset of

;ii impact ionization by tumneling carriers. The threshold R
f?; energy value for formation of electron-hole pairs by electrons l
if% is determined, and turns out to be 2.6 £+ 0.3 ev. The experi- ; 2
;i: mental results are in qualitative agreement with the simple j‘é
1;% theoretical model. /42“01:z;fn¢ i;é
:‘; } INTRODUCTION .
2;% Electrical breakdown in semlconductors has been the topic of a gréét mamy§:;
iiiexperlmental and theoretical studies, from which it follows that the baélc 43

’ reasons for the sbrupt increase in current carrier concentration in strong o

SN
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‘electric fields are quite clearly impact ionization and the tunnel effept.
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By and 1arge, the maJorlty of experlmental data relatlng to these processeé

i

have been obtained by the investigationfof breakdown in p-n junctions.

Pt by e

The study of breakdown in silicon b-n Junctions has shown that in such

%junctions with a width of lO—5 cm or mofe, breakdown is of the avalanche type

i
i

[ SRR A ]

(ref. 1), whereas tunnel breakdown occurs in very narrow junctions with a w1dth

H

[ RN

of ~ 10 -6 em (ref. 2).
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i
i
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The breskdown in p-n junctions with a width of 1070 o 1077

sy g e (O3 A

cm is probably'f;
. caused by the combined action of the mechanisms indicated above (ref. 3), in- .
i volving impact iomization of the carriers initially generated as a result of ‘t.hej.\‘j
‘f,tunnel effect in the volume of the p-n junction. f¢;

As shown by the authors of reference 3, this effect leads to a more rapid ?fi

?;frise in the current with applied voltage. They have also shown (ref. 4) that in’’

“- threshold enmergy is found to conflict with the value of 1.1 eV used in referencéf%

_f§5, in which & phenomenological theory is formulated in regard to a number of
'f effects associated with impact ionization in silicon.

In reference 4, the threshold emergy was determined on the basis of data

llérelating to the multiplication of photcinjected carriers.

istudled.

The breakdown mechanism has been investigated and the threshold enérgy for -

formation of electron-hole pairs determined on the

iiiature dependence and differential resistance. <

R S|

AR SN T PR O
NRORS WHE LN TON



: —

1. EXPERIMENTAL PART

In our work, the p-n junctions weré prepared by fusing an aluminum bar

0.2 mm in diameter into silicon alloyedéwith arsenic having a resistivity from ;

i

I

~ O

[ S SIS A

%O 008 to 0.15 ohm-cm. The fusion was pérformed in vacuum at a temperature of

e

720°C. Prior to fusion, the silicon 1ngots were oriented in the d1rection{}li],

! ; c“)
]

§cut into wafers, the resistivity of which was measured by the four-probe methodi%l

3

-

The wafers were then cut into crystals (dimensions 1.5 x 1.5 mm), which were
subjected to a series of starndard surface cleaning operations prior to fusion. ' %

' Ohmic contact was produced by fusing in foil linings of alloy Au + O.l% Sb.
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QI% Figure 1. Typical Volt-Ampere Curves for Narrow Silicon p-n Junctigns. §h1
42: i it %"L:?
L3 Ho
b Typical volt-ampere characterlstlcs of the prepared samples are shOwn in L
oo i

figure 1. The voltage on the p-n Junctian corresponding to a current of 10 -2 Ay

’;§was arbitrarily adopted as the breakdown voltage V Figure 2 shows the dependgai

Sétence of the breakdown voltage on the donor concentration in the base materlal.
51 25?
52 &uiiummment‘from.the graph, & reduction'in breskdown voltage with 1ncre&s;ngﬁ oo
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: Figure 2. Dependence of Breakdéwn Voltage on Concentration of
i Alloying Impurity in Base Material.

9 cmf3, although at &

- -concen‘bra‘tion is observed up to & concerntration of ~ 10
* voltage of less than 3 V a considerable spread is noted in the values of the

» ‘breakdown voltage. This spread is de‘befgmined by the influence of technological

!300 ke ﬁﬁth an a.;. ;gitééé amplitudeyogmébwﬁv.w

For all of the samples investigated, the graph of C—2 versus Va’ where C 2@;2&
'f‘is the capacitance, Va the external bias on the p-n junction, was a straight @

*} line whose imtersection with the horizontal axis determined the contact poten-

Tixtial difference Vi (see fig. 3). This attests to the fact that the field varie

linearly with the coordinate and the concentration falls into a step digtribu- 1:;

tion. The width constant Wl’ i.e., the width of the p-n junction for y&: 1lv,

b0 )

D! i

Lol ) :

figwas determined by measuring the capacitance per unit area. To calcula&% the
e |
ngarea, the aluminum was etched and the shape of the fused zone determined under |
45 | :

'the microscope. The calculated and measured values of the width consta%t vere |

found to agree well within the limits of experimental error.
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Figure 3. Dependence of Capacitance on Voltage for Various p-n Junctions. ;é;
The differential resistance Rd = dVB/dIII—IB of the junctions was deter-
55 mined from the a.c. voltage appearing on the junction when supplied with a cer—ig

i;tain d.c. displacement current and 50 cﬁs 8.c. current, the amplitude of which 3

waas 1/10 the displacement current. The results are shown in figure L.

3

cme—eee— ke ohms .- _ T prrTe e
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42 Figure 4. Dependence of the Differential Resistance on the Breakdown Lo
43 Voltage at the Nominal Breakdown Current of 10-2 A 0 L
Sty (Dashed Curve: Theoretical; Solid Curve: Experimental). - i

%5; The values of the voltage temperature coefficient B = dVB/dt| I_IB‘and

frelative temperature coefficient of the differential resistance Q = (dRé/dT) ELQ

E(l/Rd) were determined from measurements of the breakdown voltage and differen-:tf

ltial resistence at verious temperatures|with the displacement current held -
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?Erlgorously constant by means of & dlrect current stablllzer, with an error of ?

Ei-O.Ol%. The breakdown voltage was measured in & potentiometer circuit with an ;

ferror of #0.03%. The measured temperature range was -60 to +150°C; the samples[lez

[ AN B

i were placed in a thermostat, in which the temperature was regulated to within

X
-

,iO.l Ce i
i i j1o
?E

| The results are shown in figures 5 and 6.

[or IR SIS I

1
i
1
i
3

_ Figure 5. Dependence of the Breakdown Voltage Temperature o
Coefficient on the Breakdown Voltage '
(Dashed Curve: Theoretical; Solid Curve: Experimental).
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&3§ Figure 6. Dependence of the Relative Temperature Coefficient:: Ly
Ly of the Differential Resistance on the Breakdown Voltage. 5 Lk
46 | 2. DISCUSSIUN OF THE RESULTS
ig? Tunnel Breakdown in Narrow Silicon p-n Junctions 5
EO§ The experimental data indicate that the structure of the p-n Junctlon sat-‘fb
5z u.sfles _the following relations: R N , . , -_,
— 6 N
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F(z)= F..( 1 "w)' .‘ |
Fu=2V/W, W=W7V, o
/“ e e l) :
; Wi Y Wl _ N T Wy ¢
A TV g NN, NaNp ’ 5
7, a=Ye/2nq, P 2
o o i0
1 : } i
'z where Fy, is the maximum field strength, W is the width of the junction, Lz

LV = Vd + Vi 1s the total voltage on theijunction in the reverse direction, Va

%i?is the supplied voltage, Vi is the contact potential difference, Wl is the widtﬁéé

ﬁ‘constant, € 1s the dielectric constant, g is the electronic charge, NA and Nb fg

E‘are the surplus acceptor and donor concentrations in the p- and n-type regions, ::
F2
~;3respectively. : fan

Assuming that breakdown is attribuf&ble to the tumneling of electrons from§§£

?ﬂf

?the valence band into the conductlon.band 1n the one—dlmensional case 1t 1s not by

-__4__ S——

;dlfflcult to obtain an approximate expre851on for the current through the p-n

2L Junction:

I (¢S3/ @) f(Fu)v(Fu) W, (2)

where z is the number of valence electrons in the elementary cell, d is the

lattice period, f is the penetration probsbility, v = gFd/h is the oscillatlon oo

TG IRS SIS B G

frequency within a single band, h is the Planck constant, S is the area of the

(@)

4
- K
;junction. !

i
¢

LS R

i
41
7

-

In equation (2), we neglect the nonuniformity of the field in the p -0 JunCw B

Sdieg

VAT B

tlon, supposing the field to be everywhere equal to its maximum. This means

B el St N e e ins B b B S S SR

“T that carrier tunneling occurs for the most part in the region of meximum field [10

- fstrength the size of which is considerably less than the total width of the p- n»
Eizgunction, so that the field nonunlformlty in this region may be neglected. %éi
 _ o1 ]
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The field distribution in the junction will be taken into account below &s|

;a function of the maximum field FM due to the applied voltage V, as given by

£ n

equatlons (1).

As shown in reference 2, tumneling occurs in silicon with the participa-
o ition of phonons. In this connection, the penetration probability f can be ;
o Lo
' written (ref. 6) as N
[_4vZm _A(T) i

ey~ “3qAF (B~ oy | = exp ~ 537 ]'_ (3) ..

b
;

 where m* is the effective mass, Eg is the width of the forbidden band, Bw is the: =

~ phonon energy, h is the Planck constent divided by 2m. |

‘ The quantity A(T) is the expressioil contained in the exponent and depends |22

‘4 implicitly on the temperature. Comsequently, equation (2) can be written in theik

| » . 25
form S e -

. I (20° | )W exp [—A(T) [ Ful. )

" Taking equations (1) imto account and differentiating (4) as en implicit func-

+tion, we find the differential resistance
A(T
V/’[ : )] (5) .-

0.36 m, where m is the free .

AU éSubs‘l::‘rlm‘l::i.ng the value of the effective mass m¥ =

Z]g :electron mass, i.e., the reduced electron-hole mass, into the express:LéJ;l for J!
:3 %A(T) (3), we obtain a value of A =~ 4107 V/cm. Inasmuch as Py ~ lO6 V/_gm, we *
gfinally get '
| Ry~ 2F, V[ IA(T). ‘ (6)1_.;;;
§Slnce it is primerily the exponential factor of (3) that veries in breakdown,
51 -

52 !for the given field distribution, |

(SRS §



 InRs=D+B(Va+ Vi), (M1
° where D and B are constants for a given§junctibn. ‘

Consequently, for step-type p-n.juictions in the case of tunnel breakdown,?

B

S ER G A

the differential resistance must decrease as ~fI—l, and its logarithm is a

5 linear function of the quantity (Vd +‘Vi)'%.
10 - i

o
! f The relations cbtained are in harmony with the experimental data (fig. 7).
Pt : ;
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Pigure 7. Typical Characteristic for p-n Junction with Tunnel Breskdown.

Uf considerable interest is the characteristic of relatively sharp delin-;f;
eation of the breakdown in p-n junctions with different widths and, consequently;

‘'with different breakdown voltages VE.

5

w
s
4
2
i
O

As the experiment has shown (see fig. 4), when VE increases, i.e., when
Vo

fthe width of the p-n junction increases, the quantity Rd measured at tﬁé same

2

Ay

H

;value of the breakdown current, increases. This increase is explained]iy a

' . ‘ bl
| decrease in the maximum field strengxh.when the p-n junction is widened,

1
¢

WA B e (D

iT
4
L
L

The dependence of the differential resistance Rd on the breakdown:#oltagef,ﬁ

Ty (assumed purely arbitrarily) is given by equetion (6), where the conﬂectioné;:

Lk

‘between the maximum field in the junctlon F, . and breakdown voltage Vé<is

i M : ) m
51 idetermined empirically: :
. L9 | e H
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Fo =

o -
7 _? v i
MB = }afo/vB , (8)’
6 ;
210" V/em, ¥ = 0.25. |
Based on equation (8), the expression (6) transforms to [lé{
B =2RVatr ] 1eA(T). (9)i«3

.

The dashed curve in figure 4 was c&nstructed on the basis of equation (9)

;~ for IB

The temperature cheracteristics of tunnel breskdown are readily obtained by‘J

‘:assumlng that in the investigated temperature range (-60 to +150°C) thermal

" lof the penetration probsbility I, i.e.,

1
i
|
|
!

dfexpansion of the bodies is the principal source of the temperature dependence

dTZa — 4 10"

— S [ .. - e . P - . e e e e RN

Allowance for the influence of phonons dces not play a decisive part in

’?the present case, for all that counts is the sign of the temperature dependenceLJe

;V-Then for the temperature coefficient of the breakdown voltage (ﬁ) we obtain

BoNoed e sl L

I

e

e

O

g .
|
2
3
I
A S
g

SRIN

(see fig. 5)
il dA(T) ~ o
B =T s 2——-dTA(T) Vpoz—8. 1&-‘7.. i | (10)

i

ithe experimental data.

gance (see fig. 6) is ; e

Q = dRy/ dTRs = —2- 10,

Consequently, the results obtained;are found in qualitative agreenént wit

e o

~ L1000 ] I
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?§~_mﬂww ;HIWMMiﬁéééf iéﬁiié%ion in'WidehSilicon p-n Junctions f

3 The current in the region of large reverse displacement is given by the

5 expression (ref. T) ;

o :

8 T= W DX, (12)
s - |3
where IO is the current due to heat genération, M is the multiplication factor.|!'?

N RS

Ehe quantity IO(F, T) has two componenté: the generation-recombination current sf?
" and diffusion current, the relative probortion of each depending on the appliedfiﬁ
Ef bias and ‘temperature. Assuming that there are traps on one type situated in ‘198

" the middle of the forbidden band, we obtain for the current

qn‘W' + q’kz[lp )'

2 1“”1‘0 N pTpo

Io(F, i)=s(

where L s T are the diffusion length énd lifetime of holes in a strongly

p’ O
alloyed n-type materisl, +

:é‘type material, n; is the current carrier concentration in the intrinsic semi-

Is the elettron lifetime in a-strongly aiioyed‘p:”éz%“““

.. conductor.
Allowing for simplicity that the properties of the electrons and holes are -

identical, we have for the multiplication factor (ref. P

2 woT

(o = - 5 -

39 | M—'i/(i al dz)

L0 ‘ o E

4 | : 12
L2 It follows from reference 8 that the impact ionization coefficient,can be !
L3 - |
gggwritten as :

a(F) = ao(F) exp t=8/ F),

;giwhereczo(F) is a function depending much less on the field than the exponentian;;

i
i

factor, b is some characteristic field in which the mean carrier energy, becomes -

— SRS I




1

of the same order of magnitude as the ionizetion energy€ Inasmuch as the :

Jmpact ionization coefficient is a sha.rply varying function of the field, the

7 function, i.e.,
8 | B
] ,M =1/ {1-p(W)Wao(Fn) exp (-—vﬂm (16)| i
0 ; E
} Ewhere 0< p(W) < 1. If in the case of the tunnel effect the breakdown voltage f 12

5 iintegral in equation (14) can be replaced by the maximum of the integrand

" is a fairly a.rbltrary concept, for the mpact ionization case we formally 1ntro- o

- where p = 0.62; C is a constent. Hence the meximim field at breakdown is

,,,,,,

H

t
H

W
2

jI'l: can be shown that this condition leads to a transcendental equation for the 3

é‘breakdown voltage VB and donor concen'bré.tion ND s the approximate solution of | :5

' duce the breakdown condition (M— )

Vs

s 4

Y
which has the form 27

- Va=CNo*, (18) -~

F"B o= FQV."'; v = (1 -— ﬂ) liﬁa 1 (19) "
&n expression which coincides with equation (7) , which was derived emplrlcally
for tunneling. | ?;'::,a-

Differentiating equation (12) as an implicit function, we readllylébtain

1
V

an expression for the differential res:l.sta.nce as a function of breakdown volt- 43

gage , making use of equation (18):

e

here TO = TpO = TnO' | | ‘ ,

5”"7 - .-—’-—”—V“—»‘*‘w"—.w._} . " x
[ﬁ_'_w o121 R



* basis of reference 8

4

- Where w, is the optical phonon frequency. . <

g Consider a step-type p-n junction (fig. 8) in which N,>N and the? total i

|

i
H

'The electrons falling into the conduction band are accelerated into regions of ;

(Pairly strong field and can ionize, prowded the requlred energy is obtﬁined.

e e e i SR

o e T - e e e e S —

{

Consequently, the gquantity R practlcally increases as~V for IB cons‘b.

Flgure 4 shows the dependence given by equatlon (20). Clearly, the agreement

s wrbh experiment is fairly good.

’ The temperature dependence of the ‘preakdown voltege is governed largely [ 2

fby the variation in the parameter b w1th temperature. Assuming that all colli-| 1

Lo

‘s:Lons result in energy loss on the pa.rt of the electron, which is a good approxi.;.

matlon for silicon at temperatures~300°K an expression can be obtained for

‘the breakdown voltage temperature coefficient B. In fact, we can write on the
b = bocth’ (Awe / 2kT), ™ o)

0

hawo './ 1’"’;. o (22);;;‘
T X “[1+EU» VM‘}' o

B = dVa/dT = Raobia®V sV | 2kT?sh?

Figure 5 illustrates this dependence for T = 300%.

It follows from equations (22) and (20) that Q = de/dTRd is positive, in-

'3’ creasing slightly with the breakdown voltage (see fig. 6).

Transition Region; Determination of the Threshold Energy
for Electron-Hole Pair Production P

space charge lie in the n-type region. i0

As salready noted above, the generation of carriers proceeds mainly‘i,;ﬁ in the -

iregion of meximum field strength, the size of which is ~Eg/qu = 50 to 100 k.

S o130 e
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Figure 8. Model of a é;tep—Type p-n Junction.
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/ } Figure 9. Characteristic of & p-n Junction with Impact

o bl

Ionization by Tunneling Carriers.

Clearly, the energy derived from the field is

TqVe=q(Va+ Vi) — (E¢ — h0). |

3 Let us assume that multiplication as given by equation (12) is

%1 imuch as A~ 100 &, we have W/) = 10.

Ethe tunnel current (2).

s Carrying out computations analogous to those above, we obtain

food ot

e

- -
4G

50

o

51 -

P

o

ol - U S ;

‘;tion is induced by impace ionization is greater than the mean free patha Inas-| :

830 The value of the current will be summed from the thermal current (13) and t 3

i_
i
i
oo
[
j1o
P
Ly
b P4

(23)

applicable o

i":1‘.11 the given case., This is valid if the distance &t which carrier multiplica- ‘- f'

2

3

- v
12

2 ey
P g\_w{.
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4V qn ,-.S:

]
Ay fomrirs Heann (A2

1o vy (24)
=iy °"p( v ) ; Z

(e wiE S

Analyzing equation (24), it may bei asserted that the behavior of the dif-

i e
10 §feren‘tial resistance in the transition region is dictated largely by the be- i0
e : P

hevior of the function IO(F 5> T)e

PO

Inasmuch as the tunnel current excéeds the thermal current in the transitioﬁ

: Eregion, the differential resistance mea:sured for different junctions at some
;consta.nt value of the breakdown curren‘l:l IB will decrease with increasing break-:

g vdown voltage VB s since with diminishing field strength the tunnel current falls; ;ii

éoff as ~ exp(.-A/FMB) = exp(-AVBY/FO). jin other words, the condition Iy = I, i

Tl

“ M = const means that measurements of R_| in the transition region correspond to 2L

d\
‘steeply rising wvalues of the multlpllcatlon factor.

The most abrupt characteristic in the transition region is the temperature% -
A’*V' fEdepenc'ienc:e of the differential resistance (see fig. 6). |
As the temperature is increased, the carrier penetration probability rises: :
sharply, and breakdown will be govermed largely by the tunnel effect, but since
-the field strength decreases with increasing width of the p-n junction accordin'g";::f

o (9), Ry will increase.

['ﬁ'l* ) -
J The breakdown voltage temperature coefficient 8, of course, has ajgero at
81 P2 1

“Z 'point in the transition region (see fig. 5). Here the maximum nega'blvé ,B s llke§

a.nd for the same given p-n junction they coincide.

It proved very instructive, in this comnection, to investigate p-n Junc—
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fig. 9) disclosed an gbrupt bend at the point where the onset of impact ioniza-%

In fact, for such p-n Jjunctions the graph of 1n R. versus (Va + Vi) 5 (seelel

fion was observed. This made it possibie to determine, directly from the posi-g

e"c.:i.on of the bend, the energy acquired by the carriers from the field, since ‘bhe

i
z’ }
1

; aVe=qVeo Bet (hool NW, (25)

icontact potential V was determined from measurements of the capacitance.

— QO U
— N D NG S

Y
|
l For the energy derived from the field we have

]

' 'since V=B, - A¢. In this way, it is possible to determire the total poten-
, tial at which multiplication begins in & given p-n junction. In order to ascer- -
tain the threshold energy for electron-hole pair production we must eliminate -

: ff‘rom (25) the losses due to collisions with phonons, To do this, we constructea%

‘the dependence of the potential across the junction for which M =1 on the ~’

125
P

R N

?junction-' width VWO»-«for- p-n-junetions witlg-vaﬁous.ﬂidths. i.ee,-for those p-n.

;‘junc'bions disclosing a bend.
Approximating this dependence to zero, we directly obtain the threshold
 energy for electron-hole pair production by electrons, since electrons tunneled

- ‘directly into the p-n junction.

s

The resultant value of 2.6 + 0.3 eV agrees with the value of 2.3 + 0.1 &V

G~

.obtained in reference L.

IR il b e S N S SR o

? | The slope of the curve in figure 10 characterizes a certain phonoh“ slomngq )
g down field hwo/ A caused by the generation of optical phonons. For an %)?‘bical 3,:7
;; phonon energy 'nwo = 0.063 eV, the value‘ determined for the mean free pa%g?h in 77
breakdown is A = 60-T0 A.
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Figure 10. Dependence of the Voltage Across the p-n Junction
;ﬁ for Which M ~ 1 on the Width of the Junction
;' '; (tan A = hwo/q)‘ ~10° V/cm; hwé = 0.063 eV; A = 60 to 70 &).
2 : ol
25§ It must be noted, in conclusion, that the real structure of the p-n junc- | 25
T L6

“7 ition was not borme in mind in the present work, including Statistical and ~ 127
fstochastic fluctuations of the impurity, the presence of structural defects.
The influence of these factors is especially noticeable in the prebreak-

down region and will be less marked in deep breakdown with the high current

" densities at which our experiments and calculations were carried out. Taking

iégthese factors into account leads to a quantitative correction, but thevresults E:f
3? obtained in the qualitative analysis of the effects should remain in fé%ce.

ii. The author takes this opportunity to express his gratitude to B. M. Vul

%é and L. V. Keldysh for a number of 1nvaluable comments. 1”
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